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Resume 
 
Melt intercalation technique was used to produce bionanocomposites based on poly(butylene 
adipate-co-terephthalate) (PBAT) and layered silicates; both organically modified and 
unmodified. Four different ionic liquids were chosen as modifying agents, three of them were 
phosphonium based and the last one was an imidazolium based. Physical and thermic 
characterization of the nanocomposites was made revealing no significant changes of the 
properties except for an augmentation of the cristalization temperature in the case of 
PBAT/MMT-I/IL-I. In the other hand, tensile tests showed that addition of nanoclays leads to 
higher tensile modules, going from E = 47 MPa for pristine PBAT to E = 59 MPa when 
adding 5wt% of MMT-I; without greatly compromising the characteristic good deformation of 
the polymer. Moreover, a synergy effect was found when PBAT/MMT-I/IL-I nanocomposites 
were made, increasing significantly both tensile module and elongation to rupture by 
approximately 50%. Overall improvement on mechanical properties of nanocomposites can 
be related to a good dispersion of OMMT within the polymer matrix, achieving partially 
exfoliated structures as confirmed by TEM images. 
To obtain the nanocomposites respective foams, a batch foaming process was carried out 
using carbon dioxide in its supercritical state (CO2 sc). All formulations increased the cell 
density comparing with pure PBAT (0,8x104), hence proving that nanoclays indeed act as 
nucleating agents. Also it was confirmed that the grade of dispersion of the charge within the 
polymer matrix and the chemical nature of the ionic liquid used for modification plays a very 
important role in the process of nucleation, since there exists physico-chemical nucleation 
sites. Once again PBAT/MMT-I/IL-I formulations showed the best results with a cell density 
of 22,3x104 due to its better dispersion and the great affinity between the nitrogen of the 
imidazolium and the CO2. Finally, the pressure effect over the last formulation was studied 
and as expected it increases notably the cell density to 61,9 x104. Furthermore a control of 
the cell size distribution was achieved. 
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Glossary  
 
CO2sc  Supercritical carbon dioxide 
DSC  Differential Scanning Microscopy 
DTGA  Derivate curve of thermo-gravimetric analysis 
IL(s)  Ionic liquid(s) 
MMT  Montmorillonite 
Nc  Cell density 
OMMT  Organically modified montmorillonite 
PBAT  Poly(butylen adipate-co- terephthalate) 
Rv  Volume expansion ratio 
SEM  Scanning Electron Microscopy 
TEM  Transmission Electron Microscopy 
TGA  Thermo-gravimetric Analysis 
Vf  Volume fraction (porosity) 
WAXD  Wide-angle X-Ray Diffraction 
f  Foam density 
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1 Introduction 
 
It is widely known that biopolymers represent an ecofriendly way to obtain alternative 
materials, that if “tune up”, can be considered for replacement of non-biodegradable 
thermoplastics in a variety of applications. Poly(butylene adipate-co-terephthalate) (PBAT), is 
an aliphatic-aromatic copolyester synthesized from fossil resources but 100% biodegradable 
under compostable degradation. Its chemical structure is presented in figure 1. 
 
Figure 1: Chemical structure of poly(butilen adipate-co-terephthalate) 
 
One of the main characteristics of PBAT is that it has higher elongation at break than 
most biodegradable polyesters, therefore making it a great candidate for food packaging and 
agricultural films. However, poor thermal and mechanical resistance limit its use on industrial 
applications. 1 These drawbacks can be overcome by incorporing nano scale fillers into the 
polymer matrix. In fact, it has been found that addition of nanoclays to biopolymers could 
enhance physical, thermal, mechanical and rheological properties, and also improve barrier 
properties (UV, OTR and WVTR). 2-4 
 
Among layered silicates, montmorillonites are quite popular for making 
nanocomposites since they are available, economic and non toxic. This type of clay consist 
of an aluminum-oxygen octahedral sheet sandwiched between two opposing silicon-oxygen 
tetrahedral sheets giving rise to a 2:1 clay mineral as shown in figure 2. Exchangeable metal 
ions are placed inside the gallery to compensate the negative charge of the layers. 
 
 
Figure 2: Laminating structure of montmorillonite clay 
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Nonetheless, their use as reinforcing agents its usually compromised for compatibility 
issues since clays are highly hydrophilic and most of polymers are rather hydrophobic. 5 This 
problem can be easily solved by organic modification of the aluminosilicate, traditional 
cationic exchange reactions replace metal ions placed inside the gallery with generally 
ammonium or phosphonium cations bearing at least one long alkyl chain, and possibly other 
substituted groups. Resulting clays are referred as organomodified montmorillonites or 
OMMTs. 6 Such modification greatly improves the affinity with polymers, hence achieving 
better dispersion of the clay within the matrix and leading to better mechanical properties. 
However, thermal degradation of alkyl quaternary ammonium modified montmorillonites 
starts around 200°C as reported by Xie et al. 7 thus potentially compromising the thermal 
stability of nanocomposites obtained through melt intercalation technique. 
 
By definition, ionic liquids or ILs are organic salts with low melting points (<100°C) and 
over the last two decades researchers have been deeply attracted to their potential in the 
field of green chemistry and green technology for numerous reasons. 8 Some areas of 
application include electrolyte in batteries, lubricants, surfactants, solvents and catalysis in 
synthesis, matrices for mass spectroscopy, solvents to manufacture nano-materials, 
extraction, gas absorption agents, etc. 9, 10 More recently, ionic liquids based on imidazolium, 
phosphonium and pyridinium salts have been found as suitable candidates for organic 
modification of layered silicates, rendering more thermally stable organoclays. 11-15 Authors 
have also studied interactions of ionic liquid modified montmorillonites with different polymer 
matrices like polyethylene, polypropylene, polystyrene, polyamides and polycarbonates. 16-19  
 
Other subject of great interest nowdays are the production of microcellular foams from 
biopolymers and their nanocomposites 20-23. The foaming process overall can be classified in 
two types: (a) continuous foaming and (b) batch foaming. The first type as its name indicates 
occurs during one step, for example the injection or extrusion foaming process. The second 
type is a two step process since first the specimens are extruded or injected and then they 
are placed into a reactor chamber for foaming. In any case, the foaming process itself follows 
three different stages that are illustrated in figure 3.  
 
Figure 3: Stages of the foaming process. 
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First the polymer is impregnate with the foaming agent, in our case we use carbon 
dioxide in its supercritical state (CO2sc) since is nontoxic, nonflamable, abundant, cheap and 
easily accessible supercritical conditions (Tc = 31 °C, Pc = 7,38 MPa) 
24, at this step higher 
temperature and pressure favours the solubility of the gas within the matrix since the chains 
mobility is increased. Then a sudden increase of temperature or reduction in pressure 
(pressure quenching) leads to a state of supersaturation that translates in the creation of 
nuclei. Finally the last stage corresponds to the growing of such nuclei or cells, this will occur 
until the gas is completely consumed or until the cells walls enter in contact with each other. 
 
Respect the nucleation stage; this might be either homogeneous or heterogeneous 
depending of the system subject to foaming, although some authors considered that both 
nucleation theories could coexist.25 In binary systems i.e. polymer/gas, the mixture forms a 
homogeneous phase and therefore homogeneous nucleation is the only theory that can be 
applied. On the other hand, ternary systems such as polymer/nanoclays/gas present already 
a heterogeneous phase that reduce the nucleation free energy activation barrier and force 
the nucleation to occur at the filler-polymer interface.24 
 
Finally it’s important to mention that there are numerous factors that influence the 
nucleation rate and growth of cells, like the CO2 absorption capacity, CO2 diffusivity, 
interfacial tension, melt viscosity of the mixture, and some other operational parameters as 
the foaming temperature, pressure, time and depressurization rate. 
 
1.1 Project goals 
In this work we aim to improve overall properties of PBAT by incorporing to the matrix 
small amounts of organically modified montmorillonite, therefore producing nanocomposites. 
Also we expect to achieve and control the pore size of microcellular foams, which are 
obtained by using supercritical CO2 as foaming agent. More detailed objectives are listed 
below; 
 
- Preparation and characterization of organically modified montmorillonites, using ionc 
liquids as modifiying agents. 
- Extrusion of PBAT/OMMT, PBAT/ILs and PBAT/OMMT/ILs nanocomposites. 
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- Characterization of the morphological, physical, thermal and mechanical properties of 
the nanocomposites. 
- Use of CO2 in supercritical state to obtain PBAT nanocomposites foams.  
- Study the influence of the ionic liquids chemical nature over the foams morphology, 
density and cell size distribution. 
- Control the cell size and cell size distribution by varying the foaming pressure. 
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2 Experimental 
 
2.1 Materials 
Poly(butylene adipate-co-terephthalate) used as the polymer matrix for this study was 
kindly supplied by BASF (Germany) under the trade name of Ecoflex (Tm = 120°C). Then for 
clay addition we selected a sodium montmorillonite (Nanofil 757) provided by Sud Chemie 
(Germany), with a cation exchange capacity (CEC) of 95meq/100g and described by the 
following formula Na0.65[Al,Fe]4Si8O20(OH)4. Finally ionic liquids used as surfactants for 
organic modification are listed below:  
 
i.  (trihexyl)tetradecylphosphonium bis(trifluoromethylsulfonyl)imide (Cytec Industries 
Inc) 
ii. (tributyl)tetradecylphosphonium dodecylbenzenesulfonate (Cytec Industries Inc) 
 
Two other ionic liquids were used in this work, N(octadecyl)triphenylphosphonium 
iodide  and N-octadecyl-N’-octadecyl imidazolium iodide. Both synthesis procedures are 
described by Livi et al. 26 
 
2.2 Procedures 
2.2.1 Organic modification of montmorillonite 
Based on the cation exchange capacity of the MMT used 27, 0.5 CEC of surfactant 
was firstly dissolved in 450 ml of THF/deionized water (2:1). Then the montmorillonite was 
added slowly in the solution at 50 °C. This dispersion was mixed and stirred for one day, 
followed by filtration and washing with deionized water. Finally, the treated montmorillonite 
was dried under vacuum overnight at 80 °C. Abbreviations used to assign ionic liquids and 
the different montmorillonites are presented in Table 1. 
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Table 1: Montmorillonites organically modified by different ionic liquids. 
Ionic 
liquid 
Chemical structure of the 
surfactant agent 
Designation 
IL-109 
 
MMT-109 
IL-201 
 
 
 
 
MMT-201 
 
 
IL-P 
 
 
 
MMT-P 
IL-I 
 
MMT-I 
 
2.2.2 Processing of PBAT nanocomposites 
By the melt intercalation technique, nanocomposites based on PBAT/organically 
modified montmorillonites (2-5 % by weight) were prepared using a 15 g-capacity DSM 
micro-extruder (Midi 2000 Heerlen, The Netherlands) with co-rotating screws. The mixture 
was sheared under nitrogen atmosphere for about 3 min with a 100 rpm speed at 160 °C and 
then injected in a 10 cm3 mould at 40 °C to obtain dumbbell-shaped specimens. 
Formulations of PBAT/OMMT/IL with a relation of 96/2/2 wt% were also made following the 
same procedure mentioned above. 
 
2.2.3 Foaming of PBAT nanocomposites 
Supercritical CO2 was used as foaming agent for neat PBAT and PBAT 
nanocomposites with 2wt% of clay added. The process was carried out in a 300 ml capacity 
autoclave (series 4560, PARR Instruments). This batch foaming assembly, as shown in 
figure 2.1, counts with fed and depressurization valves for CO2, a band heater, and a 
pressure and temperature transducer which were continually monitored by a control system 
that allows maximum values of 200 bar and 350 °C respectively.  
 
 Trade name Intercalant Designation 
 NO3 LDH-NO3 
IL201 
P
+
H29C14
CH3
CH3
CH3
O
H25C12
S
O
O
-
 
LDH-P1 
IL103 
P
+
H29C14
CH3
CH3
CH3
O
H19C9
O
-
 
LDH-P2 
 
P C18H37
I
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Figure 2.1: Batch foaming process assembly 
 
For the foaming process, samples consisting on discs of 5 mm diameter and 2 mm 
thikness were cuted out from dumbbell-shape specimens and then placed inside the reactor 
chamber. After setting the initial parameters and closing all valves, the batch foaming 
process started following three stages: 
 
i. soaking of samples with scCO2 at 100 °C, under 7,5 MPa for 6 h  
ii. cell nucleation when applying fast depressurization of CO2  
iii. cell growth during CO2 release and ultimate stabilization of the cell size 
 
Two other pressures were applied (10 MPa and 13 MPa) to evaluate the influence of 
this parameter over the cell morphology on PBAT/MMT-I/IL-L formulations. 
 
2.3 Characterization techniques 
Different techniques has been used in this work, firstly to determine the extent of the 
orgacic modification made to the montmorillonite, then also to observe its dispertion within 
the polymer matrix and of course the influence over the polymer physical and mechanical 
properties. Finally characterization of foams was made based mostly on their morphology. All 
test and analysis realized in this study are shown below: 
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- Thermogravimetric analysis (TGA) 
This technique allows detecting mass changes of the sample, and the gradient of this 
variation, as a function of the temperature resulting in TG and DTG curves respectively. The 
weight losses are registered with extremely precision, and so the initial and maximal 
degradation temperature of ionic liquids, clays (untreated and organically modified) and 
nanocomposites can be obtained. Essays were performed on a Q500 thermogravimetric 
analyser (TA instruments) where samples weighting between 10 and 20 gr were heated from 
room temperature to 600 °C at a rate of 20 °C.min-1 under nitrogen flow. 
 
- DSC measurements (DSC) 
Tests were performed to the ionic liquids and the PBAT nanocomposites on a Q20 
(TA instruments) from – 60 °C to 180 °C. The samples were kept for 1 min at 180 °C to erase 
the thermal history before being heated or cooled at a rate of 10 °C.min-1 under nitrogen flow 
of 50 mL.min-1. The crystallinity was calculated with the heat of fusion for PBAT of 114 J/g 28. 
 
- Surface energy 
In order to determine the extent of the surface modification made by ionic liquids to 
the treated montmorillonites, a GBX goniometer was used to realize the sessile drop method. 
Contact angle measurements were carried out with water and diiodomethane as probe 
liquids on discs obtained by pressing the clay powders. Finally applying the Owens-Wendt 
theory 29 polar and dispersive components of the surface energy were determined. 
 
- Wide-angle X-ray diffraction (WAXD) 
Spectres were collected on a Bruker D8 Advance X-ray diffractometer at the H. 
Longchambon diffractometry center. A bent quartz monochromator was used to select the 
Cu K
in Bragg–Brentano geometry. The angle range scanned is 1–10_2θ for the modified clays 
and for the nanocomposite materials. Bragg’s law was used to determine the basal spacing. 
 
- Transmission electron microscopy (TEM) 
All tests were carried out at the Center of Microstructures (University of Lyon) on a 
Philips CM 120 field emission scanning electron microscope with an accelerating voltage of 
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80 kV. The samples were cut using an ultramicrotome equipped with a diamond knife, to 
obtain 60-nm-thick ultrathin sections. Then, the sections were set on copper grids for 
following observation. Images were took at magnifications: 2 m, 1 m, 0,5 m and 0,2 m. 
 
- Uniaxial tensile tests 
The mechanical properties of the PBAT nanocomposites were evaluated by this 
essay, obtaining the tensile module, the stress at break and the strain at break. All dumble-
shape specimens were tested on a MTS 2/M electromechanical testing system at 22±1 °C 
and 50±5% relative humidity at crosshead speed of 50 mm.min-1. 
 
- Scanning electron microscopy (SEM)  
All tests were carried out at the Center of Microstructures (University of Lyon) on a 
.Jeol 840A LGS scanning electron microscope with a tension of acceleration of 15 kV. 
Cryogenically fractured surfaces of the PBAT nanocomposites foams were coated with gold 
prior to observations.  The resulting SEM images were manually analyzed using Fiji 
Software. To obtain better statistics, 3 different images (choosing representative sample 
areas) were taken into account for determine the cell parameters of each foam. The cell 
density was calculated from the following ecuation: 
 
3
2 2
2( )
c
nM
N
A cm
 
  
 
 
 
Where n is the average number resulting after counting the number of cells of each 
image (for a specific formulation), M is the magnification at which the image was taken, and 
A is the analyzed area. Regarding the average cell size, it was found that due to the 
heterogeneity in terms of morphology of the foams, it was not appropriate to report an 
average number but instead a cell size distribution. This was made following two different 
criteria obtaining two different cell size distributions: 
- Pore number distribution =            
- Pore area distribution =            
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Where di is the cell diameter, ni the number of cells with diameter “i”, and ai is the 
area of the cells with diameter “i”. 
 
- Density analysis 
Density of foams was determined by a buoyancy method, following Archimedes’s 
theory and calculated as expressed in the equation below. For these measurements we used 
a density kit mounted on a balance with a precision of 10-4 g (AE260 D, Mettler Toledo).  
 
f water
a
a w b
  
 
 
 
Where  is the sample density, a is the weight of the sample in air, w is the weight of 
the sinker, b the weight of the sample in water and water the known density of water (g cm
-3). 
Then from the values of non-foamed and foamed density, we obtained the volumetric 
expansion ratio (VER or Rv) and the volumetric fraction or porosity (Vf) by the following 
equations. 
p
v
f
R


  
1
f
f
p
V


   
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3 Results and discussion 
3.1 Characterization of organically modified montmorillonites (OMMTs) 
3.1.1 Structural analysis by WAXD 
The effect of the cationic exchange process on the montmorillonite intercalation was 
studied by X-Ray diffraction and presented in figure 3.1.  
a  b  
c  d  
Figure 3.1. Effect of the cationic exchange treatment on the interlayer distances measured by X-ray 
diffraction on ionic liquid modified MMT: (a) MMT-109, (b) MMT-201, (c) MMT-P and (d) MMT-I. 
 
Before organic treatment, the basal spacing of untreated MMT is 1.2 nm, which 
correspond to the d-spacing of MMT-Na+ reported in the literature 13, 27. After surface 
treatment all modified clays switched their diffraction peaks to lower angles, therefore 
increasing the interlayer distance. 
 
There are several factors that affect the resulting basal spacing like: i) steric 
hindrance of ionic liquids and in particular the ii) length of the alkyl chains functionalized on 
the phosphonium and imidazolium cations. In fact, the greater interlayer distance was 
achieved for MMT-P (4,2 nm) given by a diffraction peak at 2,1°2, which is logic since the 
three benzyl groups provide an important hindrance factor and besides the alky chain is 
rather large (C18). In the case of MMT-I, the spectra displays a diffraction peak at 2.4°2 
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which corresponds to an interlayer distance of 3.7 nm, similar to one of characteristic 
paraffinic conformation with trans-trans positions of the alkyl chains. 11 The value of 3.7 nm 
could be explained by the presence of two long alkyl chains (C18) and the steric volume 
occupied by the ring cation. It’s important to remark that both spectra presented very fine 
peaks with repetitive smaller peaks which are sign of a large reach order. 
 
On the other hand, the two other phosphonium based ionic liquids (IL-109 and IL-201) 
modified montmorillonites presented each one two diffraction peaks, one at 5°2 and the 
other at 2,9°2 corresponding to interlayer distances of 1.8 nm and 3,0 nm respectively. The 
difference between both spectra was the intensity of the peaks, while MMT-109 shows a 
clearer peak at 2,9°2 the case for MMT-201 was the opposite. Since they both had very 
similar cations, it can be confirmed that the counter ion plays also a role in the intercalation of 
the ionic liquid within the gallery when performing a cationic exchange reaction.  
 
3.1.2 Thermal stability of OMMTs 
Several authors 14, 30, 31 have already identified two kinds of molecular interactions in 
organically modified clays: (i) Van der Waals bonds between the clay surface and hydrogen 
from the alkyl chains and (ii) ionic or electrostatic bonds occurring inside the gallery between 
the surface oxygen of silicon tetrahedral and the protonated cation that varies according to 
the surfactant agent used (N+, P+, Im+, Py+, etc). Thermogravimetric analysis (TGA) may help 
reveal the different mechanisms of degradation of the organic substances on the clay. In fact, 
authors have recognized the existence of two separated species present in the thermal 
degradation of OMMTs.26, 32 The first one are physisorbed species, i.e.  the physically 
adsorbed species on the clay surface while the second one are intercalated species between 
the clay layers. Figure 3.2 displays the evolution of the weight loss as a function of 
temperature performed on the four montmorillonites exchanged either with imidazolium or 
phosphonium ionic liquids.  
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(a) 
 
(b) 
 
Figure 3.2. Evolution of weight loss as a function of temperature (TGA) and derivative of TGA curves 
(DTG) of the (a) ionic liquids and (b) organically modified montmorillonites. (heating rate 20 °C min-1, 
under nitrogen flow). 
 
After cationic exchange with phosphonium or imidazolium ionic liquids, two 
degradation peaks have been identified. In the literature it has been already reported that the 
first peak corresponding to the first weight loss highlights the degradation of organic species 
physisorbed on the clays surface.11 Thus, on the DTG curves of MMT-I and MMT-P, the 
degradation of the IL physically adsorbed on the surface starts at 255 – 270 °C (T5%), 
whereas the other phosphonium treated montmorillonites (MMT-109 and MMT-201) are 
thermally stable up to 380 - 400 °C (T5%). These results can be explained by the chemical 
nature of the ionic liquid and in particular, the intrinsic thermal stability of the cation/anion 
used. In fact, Awad et al.15 studied the thermal degradation of montmorillonites modified with 
different imidazolium based ionic liquid and they found that ILs porting halides (Cl-, Br-) as 
counter ion presented faster degradation compared to imidazolium ionic liquids with 
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fluorinated anion (BF4
-, PF6
-). In this way, it’s normal that IL-P and IL-I start their degradation 
faster than IL-109 and IL-201, because of their iodide (I-) counter ion. 
 
Respecting the slightness better thermal stability of IL-P versus IL-I, it might be 
explained probably due to the inherent high stability of the P+. Actually, Abdallah et al.33 also 
studied factors affecting the thermal stability of imidazolium and phosphonium based OMMTs 
and they agreed that halide salts show the lowest degradation peak, however comparing P+ 
and Im+ having halide counter ions (Cl-, Br-), they obtained that montmorillonites modified 
with phosphonium salts have greater thermal stability than those modified with imidazolium 
ionic liquids. 
 
Now, the second weight loss corresponds to intercalation of ILs inside clay galleries. 
In this case, a difference around 100 °C is observed between MMT-I (405 °C) and the other 
OMMTs (480 - 510 °C). This confirms once again that IL-I is the ionic liquid less stable 
between the ILs used in this study. Nevertheless, the thermal behaviour of MMT-I and 
naturally the other OMMTs is significantly better than montmorillonites modified with 
conventional quaternary ammonium salts.34, 35 
 
Assuming that all organic cations present the same dehydroxylation rate, the molar 
quantity of ionic liquid, physically absorbed and intercalated, can be obtained from the mass 
loss percentage in DTG curves. 13 Results shown in Table 2 suggest that IL-I has a better 
affinity with the montmorillonite surface and that it’s more easily introduced between the 
silicate layers when comparing with IL-201. Actually the steric hindrance factor caused by the 
IL-201 counter ion, might be the reason for the lower intercalation and absorption 
percentage. 
 
Table 2: Relative mass loss percentages of physically absorbed and intercalated species determined 
by TGA on the treated montmorillonites. 
Montmorillonite %absorbed % intercalated 
MMT-109 8 12 
MMT-201 11 8 
MMT-P 39 9 
MMT-I 34 12 
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It is important to emphasize that physisorbed species could act as compatibilizing 
agents between the polymer matrix and the nanoclay. This of course, will depend on the 
chemical nature of the ionic liquid, its affinity and possible interactions with the matrix 
chosen. 
 
3.1.3 Surface energy of OMMTs 
As most polymers, Poly(butylene adipate-co-terephthalate) is hydrophobic, and 
aluminosilicates such as the montmorillonite are hydrophilic, thus deriving in a compatibility 
problem when making nanocomposites. Once organic modification is made, the hydrophobic 
groups reduce the interlayer adhesion of the clay and when clay layers separate the surface 
energy of the layers is reduced to that of hydrocarbons. 36 Then, new potential interfacial 
interactions can be estimated by evaluating the surface energy of OMMTs and comparing 
with PBAT polar and dispersive components. The contact angles and surface energy 
determined by the sessile drop method on pressed powder are presented in Table 3. 
 
Table 3: Polar and dispersive components of the surface energy on pristine and modified 
montmorillonites, as well as on the polymer matrix (PBAT), from contact angles with water and 
diiodomethane (determination on pressed MMT powders). 
   -1) -1) -1) 
NaMMT 22.9 + 0.9 33.6 +0.8 30 43 73 
MMT-109 71,2 ± 0,3 51,5 ± 0,6 9 33 42 
MMT-201 66,1 + 0,4 41,9 + 0,7 9 39 48 
MMT-P 88.9 + 0.1 49.4 + 0.6 2 35 37 
MMT-I 92.8 + 0.1 55.5 + 0.6 1 31 32 
PBAT 78,6 + 0,2 27,2 + 0,9 3 45 48 
 
Anew, a successfull modification of NaMMT with ionic liquids is proved observing an 
important decrease of the polar component for all OMMTs. This effect is more pronounced 
for MMT-P and MMT-I, thus leading to more hydrophobic OMMTs. A lower polar component 
indicates that most of hydroxyl groups are well covered by ionic liquid organic chains; 16 This 
is coherent with results found by TGA analysis, since MMT-P and MMT-I have a great 
number of species absorbed in the surface of the silicate. Therefore it can be established 
that not only the nature of the ionic liquid but also the amount of physisorbed species plays 
an important role over surface energy. Overall, it should be expected that both organically 
modified montmorilonites have good compatibility with the polymer matrix. 
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3.2 Characterization of PBAT/OMMT nanocomposites 
3.2.1 Analysis of nanocomposites by transmission electronic microscopy (TEM) 
The influence of the chemical nature of the surfactant agents on the resulting 
morphology issued from the clay layers distribution has been revealed by transmission 
electronic microscopy. TEM micrographs of the nanocomposites prepared by melt 
intercalation are summarized in Figure 3.3. 
 
 
Figure 3.3. TEM micrographs of PBAT nanocomposites with 2wt% of OMMT: (a) PBAT/MMT-109, (b) 
PBAT/MMT-201, (c) PBAT/MMT-P and (d) PBAT/MMT-I 
 
Organic modification of clays results in more hydrophobic surfaces that are exfoliated 
with lower shear, besides the lower surface energy of the layers provides a more stable 
system.36 From this, we should expect that MMT-P and MMT-I present the best dispersion. 
However, this premise is only achieved by the MMT-I, since several agglomerates are 
observed in MMT-P micrographs.  
 
In the case of MMT-201, a mixture of big agglomerates surrounded by exfoliated 
areas was observed, the cause of the agglomerates formation is still not fully understood but 
it definitely will play a role in the mechanical properties of this nanocomposites. 
 (a) 
 
(b) 
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The good level of dispersion found when employing IL-I as modifying agent, could be 
attributed to the improved affinity between materials once organic modification was made, 
also it sustain the statement of physisorbed species acting as compatibilizing agents when 
the ionic liquid is compatible with the matrix. Considering this, imidazolium modified 
montmorillonite has better overall dispersion and therefore higher potential to improve 
mechanical properties.  
 
3.2.2 Thermal analysis (DSC) 
Differential scanning calorimetry tests were performed to nanocomposites based on 
2%wt and 5%wt of, non modified and organically modified montmorillonites; PBAT/OMMT/IL 
nanocomposites were also evaluated. Results are summarized in Table 4. 
 
Table 4 
DSC date collected for PBAT and nanocomposites from cooling and second heating scans. 
Formulation Tg (°C) Tc (°C) Tm (°C)  Xc % 
PBAT -33 75 122 10,54 9,25 
Na+ MMT 2% -31 72 122 10,11 9,05 
Na+ MMT 5% -32 72 122 10,86 10,03 
MMT-109 2% -31 75 123 10,05 9,00 
MMT-109 5% -31 76 123 8,9 8,22 
MMT-201 2% -32 73 122 10,54 9,43 
MMT-201 5% -34 73 122 10,16 9,38 
MMT-201 5% + IL201 2% -31 76 123 9,77 9,02  
MMT-P 2% -31 73 123 10,24 9,17 
MMT-P 5% -34 73 122 10,18 9,40 
MMT-I 2% -31 72 122 10,47 9,37 
MMT-I 5% -32 73 122 9,9 9,16 
MMT-I 5% + IL-I 2% -30 89 126 5,78 5,34 
IL-I 2% -32 84 125 8 ,16 9,89 
 
No significant variations were found over Tg, Tc and Tm of nanocomposites compare 
to neat PBAT, counting with only one exception: MMT-I 5% + IL-I 2%, which increases all 
three values. The important increment in Tc (+14°C) is attributed to IL-I incorporation, since 
PBAT/IL-I formulations have shown similar results. Normally, increases in Tc suggest the 
presence of heterogeneous nucleation effect due to clay addition.28, 37 Besides, a good clay 
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dispersion within the polymer matrix creates more possible nucleation sites thus enhancing 
crystallization of the nanocomposites. 
 
However, this tendency does not apply for PBAT/OMMTs nanocomposites without 
ionic liquid. Despite their fine dispersion within the polymer matrix, a possible confinement 
effect imposed by the clay network over the crystal growth might be leading to a slight 
decrease in the crystallization temperature of nanocomposites. 1 Therefore, we can presume 
that by adding ionic liquid to the formulation this constriction effect is been balanced thanks 
to the surfactant nature of ILs. 
 
3.2.3 Thermogravimetric analysis (TGA) 
The thermal stability of nanocomposites was assessed by TGA, where operation 
under nitrogen flow imposed a non-oxidative degradation. Results are shown in table 5 and 
figure 3.4. 
 
Table 5 
Temperatures at 5% mass loss and peak degradation temperatures of pristine PBAT and 
nanocomposites (obtained from thermogravimetric analysis). 
Formulation T5% (°C) Tmax (°C) 
PBAT 372 415 
Na+ MMT 2% 372 416 
Na+ MMT 5% 351 407 
MMT-109 2% 374 418 
MMT-109 5% 376 418 
MMT-201 2% 371 414 
MMT-201 5% 374 416 
MMT-201 5% + IL-201 2 % 381 426 
MMT-P 2% 370 416 
MMT-P 5% 355 417 
MMT-I 2% 369 415 
MMT-I 5% 363 417 
MMT-I 5% + IL-I 2% 345 421 
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(a) 
 
(b) 
 
Figure 3.4. TGA and DTG curves of nanocomposites based on PBAT matrix filled with unmodified and 
organomodified montmorillonite at: (a) 2wt% and (b) 5wt%. 
 
It’s widely accepted 38-41 that nanoclays retard polymer decomposition due to their 
heat barrier effect, enhancing the overall thermal stability of the system as well as assisting 
in a char formation during thermal degradation. Nevertheless, such behaviour must be 
associated with the morphological structure formed at specific clay loadings (exfoliation 
and/or intercalation, agglomerates/microcomposites), the chemical nature of the polymer, the 
type of clay used and their modification.42 This is proved in figure 5, whereas non remarkable 
influence over maximum degradation temperature was found when adding 2%wt of OMMT to 
PBAT matrix, nanocomposites containing 5wt% of filler showed improved thermal stability. 
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This could suggest that 2wt% is not a sufficient amount of clay to enhance thermal stability 
through char formation. 
 
It should be noted that PBAT/OMMT/IL formulations achieved the greatest 
degradation temperature, suggesting once again some kind of synergy resulting for these 
nanocomposites. It is also important to point out the clear influence of the ionic liquid 
chemical nature over the initial degradation temperature of the nanocomposites. As shown in 
Figure 2, IL-109 and IL-201 are considerably more thermally stable than IL-I, then is logical 
that initial degradation begins earlier for PBAT/MMT-I nanocomposites. Finally, it’s important 
to remark that all nanocomposites based on 5%wt OMMT showed higher T5% and Tmax 
that nanocomposites based on 5%wt unmodified montmorillonite. 
 
3.2.4 Mechanical properties 
Uniaxial tensile test were carried out to PBAT nanocomposites containing 2%wt and 
5%wt of unmodified and organically modified montmorillonites. The mechanical properties of 
all nanocomposites are detailed in Table 6. 
 
Table 6: Tensile properties of PBAT nanocomposites. 
Formulation 
Tensile modulus 
(MPa) 
Strain at break 
(%) 
Stress at break 
(MPa) 
PBAT 47 + 1 511 + 17 24 + 1 
Na+ MMT 2% 48 + 1 511 + 22 22 + 1 
Na+ MMT 5% 56 + 1 470 + 44 20 + 1 
MMT-109 2% 50 ± 1 448 ± 24 22 ± 1 
MMT-109 5% 53 ± 3 419 ± 12 22 ± 1 
MMT-201 2% 50 + 1 514 + 35 21 + 1 
MMT-201 5% 55 + 1 452 + 35 21 + 1 
MMT-201 5% + IL-201 2 % 50 + 3 696 + 47 21 + 1 
MMT-P 2% 51 ± 1 521 ± 24 23 ± 1 
MMT-P 5% 51 ± 1 504 ± 22 21 ± 1 
MMT-I 2% 51 + 1 505 + 56 22 + 1 
MMT-I 5% 59 + 3 490 + 11 23 + 1 
MMT-I 5% + IL-I 2% 69 + 1 749 + 74 23 + 1 
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Addition of 2wt% ionic liquid modified montmorillonites to the polymer matrix, leads to 
slights increases in the module of nanocomposites (up to 9%) while maintaining the strain at 
break at same levels of deformation as pure PBAT. The reinforcement effect becomes more 
visible at loadings of 5wt%, where the tensile module increases between up to 25%, 
depending of the ionic liquid used for modification, and presenting only ~5-10% decrease in 
elongation. 
 
More importantly, a synergistic effect occurs when adding IL-I to PBAT/MMT-I 
nanocomposites, achieving not only a significant augment of the tensile module (46%) but 
also improving the inherent good strain at break of the polymer by increasing it about 45%. 
As for PBAT/MMT-201/IL-201 nanocomposites, synergistic effects are not that strong, 
showing similar increments for elongation at break but having lower impact over the tensile 
module. 
 
Chivrac et al.43 worked with quaternary alkyl ammonium salts as modifying agents 
and concluded that the stiffness of the PBAT nanocomposites increased continuously with 
clay content, they achieved increases on the tensile module of 26% and 47% with loadings of 
3wt% and 6wt% respectively; however they had decreases on elongation at break (10% and 
14%) and on the stress at break (24% and 35%). Someya et al.44 also found similar 
tendencies of increasing modules and slights decreases on tensile strength and elongation at 
break. However, as exposed above, we achieved improvements in the tensile module of the 
same percentage as authors quoted, along with significant improvements on the strain at 
break and maintaining the stress at break without variations. 
 
In conclusion, compared to the literature reviewed, the mechanical properties of the 
PBAT nanocomposites are improved by the synergistic effect achieved with organically 
modified montmorillonites and ionic liquids. 
 
3.3 Characterization of foams 
Characterization of foams was mainly morphological, hence based on the SEM images 
observed. The foam density was also taken into account to analyze the results. In the field of 
nanocomposites foams, there are several factors that affect the final morphology and 
therefore the final properties, such as the amount of clay added, the grade of dispersion of 
28 |     Use of supercritical CO2 as a foaming agent for Poly(butylen adipate-co-terephthalate) nanocomposites 
 
this clay within the polymer matrix (depends strongly in the affinity between the clay and the 
matrix) and the capacity of CO2 absorption of the system polymer/clay. 
 
3.3.1 Influence of clay addition to the foaming process 
It is widely known and accepted that a two phase system is created when introducing 
clays in a polymer matrix to make nanocomposites; this phase separation lowers the free 
energy activation barrier for nucleation and all contact surface between the polymer and the 
clay (interface) becomes potential nucleation sites. In this way, is logical that exfoliated 
samples have more possible nucleation sites meaning an advantage in nucleation comparing 
to poorly disperse samples. In figure 3.5, the nucleation effect of clays can be observed. 
 
a 
 
b 
 
c 
 
d 
 
e 
 
f 
 
Figure 3.5: SEM images of (a) PBAT, (b) PBAT/NaMMT 2%, (c) PBAT/MMT-109 2%, (d) PBAT/MMT-
201 2%, (e) PBAT + MMT-P 2% and (f) PBAT + MMT-I 2% 
 
Visually it’s obvious that the cell size has decrease while the number of cells has 
increased, hence leading to an increase of the cell density for the nanocomposites foams as 
confirmed by the image analysis made and reported in table 7. This confirms that all clays 
acted as nucleating agents thereby promoting heterogeneous nucleation, as found already 
by many authors.23, 25, 45 However there are differences in the nucleation efficiency depending 
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on the clay used, sustaining the premise that interaction of the clay with the polymer matrix 
and with the CO2, greatly influences the foam morphology. 
 
Table 7:Parameters of the nanocomposites foams obtained from SEM images and density analysis 
  Nc (x10
4
)  (g/cm3) Rv Vf 
PBAT 0,8 0,55 2,23 0,55 
NaMMT 2,8 0,61 2,02 0,50 
MMT-109 10,0 0,43 2,87 0,65 
MMT-201 4,5 --- --- --- 
MMT-P 8,9 0,46 2,71 0,62 
MMT-I 9,7 0,43 2,88 0,65 
 
First of all, the process of foaming characterise itself mainly by a significantly 
decrease of the material density. Pure PBAT goes from 1,22 g cm-3 to 0,55 g cm-3, a 
reduction of more than 50%. Usually increases in the cell density come along with decreases 
in the material density. However we found that density increases for PBAT/NaMMT foams, 
probably related to the thickness of the cell walls and also to the fact that there was a lot of 
areas that remained unfoamed. All other formulations decrease their apparent density; this 
means that we obtained lighter products with more and smaller cells, which results very 
interesting from the industrial point of view. 
 
All organically modified montmorillonites increased notably the cell density respect 
the non-modified clay (NaMMT), this could be explained for two reasons: (i) organic 
modification improved the compatibility between the clay and the polymer matrix (as 
confirmed before) so the OMMT it’s better disperse and more polymer-particle interface are 
created favouring the heterogeneous nucleation; (ii) the chemical nature of the surfactants 
(ionic liquids) have a dramatic impact on the resulting foam morphology because of the 
specific interaction of CO2 with the interfacial region between clay and polymer, from this it’s 
important to remark that if more amount of gas is absorbed in the sample, then more gas will 
be available for nucleation and higher cell density will be achieve. The case of MMT-201 is 
very particular, despite it has mostly exfoliated areas with few large tactoids, nucleation 
efficiency of the exfoliated areas it’s been really limited by the amount of CO2 absorbed, that 
is to say, there is not enough gas for nucleation and growth of cells. We found that IL-201 
has an antifoaming effect, PBAT/IL-201 formulation doesn’t foam at all, and therefore it can 
be supposed that this ionic liquid inhibit the gas absorption. 
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Nanoclays dispersion within the matrix not only affects the cell density but also the 
cell size distribution of the resulting foams. A non-uniform distribution of the nucleating 
agents results in a foam that has more cell in the agent rich area and less cells in agent 
deficient areas, leading to a non-uniform cell size distribution. This statement is highlighted in 
figure 3.6. 
 
a 
 
B 
 
Figure 3.6: Cell size distribution according to (a) number of pores and (b) pore area. 
 
As expected, nanocomposites with NaMMT present the worst size distribution. 
However, in terms of the pore area distribution (PAD) all foams have irregular distributions. 
It’s interesting to note that foams with similar cell density (those with MMT-109, MMT-P and 
MMT-I) shows very similar curves in the pore number distribution (PND), this makes sense 
since both have the number of cells as the core for their equations. Finally, it’s important to 
remark that nanocomposites with MMT-I has the narrow PND and the less irregular PAD, 
making it the most attractive foam so far in this study. 
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3.3.2 Synergistic effects 
Due to the synergistic effects observed on the mechanical properties of PBAT 
nanocomposites a curiosity has emerged about how this synergy might affect the foams 
morphology. Two different formulations were chosen: 
 
- PBAT/MMT-P/IL-201 
We selected this formulation because PBAT/MMT-P foams presented good 
morphology, and to explore if the antifoaming characteristic of IL-201 could represent a 
barrier for cell growth and reduce the cell size. TEM images revealing dispersion of the clay 
in the PBAT matrix and respective SEM images of their foams are presented in figure 3.7. 
 
a 
 
 
 
b 
 
 
 
Figure 3.7: (a) TEM micrographs of nanocomposites and (b) SEM images of foams. Left: PBAT/MMT-
P and right PBAT/MMT-P/IL-201 
 
From TEM images it’s clear that IL-201 is immiscible in the PBAT matrix and it forms 
small domains represented by the lighter areas. Also, it’s visible that the ionic liquid acts as 
surfactant improving the nanoclays dispersion. Furthermore, it’s possible that while 
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processing the nanocomposites (by melt intercalation), the IL-201 participates in a cationic 
exchange reaction with MMT-P and replace or even coexist with IL-P inside the nanoclays 
gallery, also it’s possible that IL-201 is physisorbed by the clay surface. This could explain 
the lighter grey domains (corresponding to IL-201) that surround and/or are in contact with 
the clay particles. 
 
On the other hand, SEM images reveal that addition of IL-201 to PBAT/MMT-P 
formulations, leads to increases of the cell density and apparent uniformity in the cell size 
distribution. Analyses made to these images are presented in table 8 and figure 3.8. 
 
Table 8: Cell density and parameters resulting from density analysis for PBAT/MMT-P/IL-201 
 PBAT nanocomposites Nc (x10
4
)  (g/cm
3
) Rv Vf 
IL-P 3,4 0,46 2,65 0,62 
MMT-P 8,9 0,46 2,71 0,62 
MMT-P + IL-201 21,4 0,44 2,80 0,64 
 
Cell density increases in one magnitude (x105), probably because the good level of 
dispersion achieved thanks to the extra surfactant added. Besides, the ternary phase created 
by the IL-201 small domains could act like potential nucleation sites as well as the nanoclays 
surface hence favoring even more the heterogeneous nucleation. Another theory could be 
that IL-201 represents a barrier to CO2 diffusion and so the growth of cells is restricted 
rendering smaller cells, avoiding cell collapsing and finally resulting in higher cell density and 
smaller cell size. In any case, addition of IL-201 to a polymer/clay system, transform the 
antifoaming property inherent of this ionic liquid to a nucleating effect with cell size reduction 
properties. 
 
It’s interesting that this time thought the cell density increased, the apparent density 
remains practically without variations. Since there are not significant changes on the density 
of the materials, there is no differences respect the volume expansion ratio nor with the 
volume fraction. This last value is commonly related to the porosity of the foam, which in this 
case is rather low due to the thickness of the cell wall. The skin produce at the edges of the 
sample are caused by the fast diffusion of the gas from the sample, i.e. the gas located at the 
edges escapes rapidly from the sample when the thermodynamic change that causes 
nucleation is applied (increase in temperature or fast depressurization), and so no nuclei is 
form in that area creating the so called “skin” of the sample. 
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Figure 3.8: Cell size distribution according to (a) number of pores and (b) pore area. 
 
Regarding the cell size distribution it’s obvious that for some reason the addition of IL-
201 leads to a narrow distribution, there are several factors already mentioned that could 
contribute to this. For example, better dispersion give rise to more uniform nucleation, having 
fewer rich and deficient areas of CO2 but instead the gas is absorbed more equally across 
the sample. Also the extra nucleating effect caused by the ionic liquid domains, and the 
possible restriction that they implied for the cell growth. 
 
- PBAT/MMT-I/IL-I 
This second synergistic formulation was chosen for several reasons, besides of been 
already a formulation of interest when evaluating the mechanical properties of 
nanocomposites, PBAT/MMT-I foams showed one of the best morphologies between the 
other nanocomposites foams. Figure 3.9 shows the improvement of the clay dispersion when 
adding 2 wt% of extra IL-I and the effect over the foam morphology. 
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a 
 
 
 
b 
 
 
 
Figure 3.9: (a) TEM micrographs of nanocomposites and (b) SEM images of foams. Left: PBAT/MMT-
I and right PBAT/MMT-I/IL-I 
 
There is definitively a better dispersion of the clay when adding extra ionic liquid to 
the formulation, probably because its surfactant properties that increase the chain mobility 
and so the clay is more easily intercalated or exfoliated within the polymer matrix. Also, this 
synergy has positive effect over the cell morphology, lowering the cell size and narrowing the 
cell size distribution as confirmed by image analysis results shown in table 9 and figure 3.10. 
 
Table 9: Cell density and parameters resulting from density analysis for PBAT/MMT-I/IL-I. 
 PBAT nanocomposites Nc (x10
4
) (g/cm3) Rv Vf 
IL-I 29,1 0,46 2,66 0,62 
MMT-I 9,7 0,43 2,88 0,65 
MMT-I + IL-I 22,3 0,38 3,20 0,69 
 
Here we confirm that better levels of dispersion, attained by addition of extra ionic 
liquid to nanocomposites, leads to foams with more nucleation capacity increasing the cell 
density. In this case it’s important to compare the results with the formulation of only 
PBAT/IL-I, which has the greater cell density, even greater than the synergistic formulation. 
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There are two factors that contribute to this fact; first the imidazolium based ionic liquid has a 
very good affinity with the polymer matrix as confirmed by the surface energy analysis 
discuss before, leading to an excellent compatibility and dispersion of the IL-I all across the 
PBAT. Second of all, the nitrogen presents in the ring of the imidazolium salt are highly CO2-
phylic, which means that high amounts of CO2 are probably absorbed. If more gas is used 
for nucleation then less gas is available for cell growth, leading to more cells with smaller 
size. This suggests that nucleation is more favored for PBAT/IL-I than for PBAT/MMT-I/IL-I 
despite the physical nucleation sites provided by the clay surface. However, the porosity of 
the synergistic formulation is greater, thanks to the lower density achieved.  
 
a 
 
b 
 
Figure 3.10: Cell size distribution according to (a) number of pores and (b) pore area. 
 
From the figure above we can see that all formulations present good cell size 
distribution, both PND and PAD, firstly we have PBAT/IL-I formulations, then it comes the 
PBAT/MMT-I/IL-I and finally PBAT/MMT-I. These results are in agreement with the cell 
density previously discussed. It can be observed how by adding extra IL-I the curves of cell 
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size distribution began to resemble more to the curves of PBAT/IL-I stating that such addition 
has a strong influence on the overall cell morphology. 
 
3.3.3 Pressure effect 
Most of literature reviewed report that when the foaming pressure increases, the 
solubility of the CO2 within the polymer increases as well, also in agreement with the 
nucleation theory higher pressures can reduce the free activation energy barrier that has to 
be overcome for the formation of stable nuclei. In other words, the initial generation of cells 
that latter will form the pores it’s favored by high pressures.20 This finally results in increases 
of the cell density and smaller cell size with controlled morphology and distribution. We 
selected PBAT/MMT-I/IL-I formulation to test the influence of the foaming pressure varing 
from 70 MPa to 130 MPa, keeping a constant foaming temperature (100 °C) and constant 
drop pressure rate (gas was released quickly in less than 10 seg). Representative SEM 
images can be observed in figure 3.11. 
 
a 
 
B 
 
Figure 3.11: SEM images of PBAT/MMT-I/IL-I foams when applying: (a) 70 MPa and (b) 130 MPa. 
 
These images confirmed the statement mentioned above, in fact as the temperature 
is kept constant the rheological behavior should be the same at all pressures, however high 
pressures induce plasticization because of the enhanced matrix swelling on CO2, in this way 
the sorption of gas is greater.46 Actually, increases in the foaming pressures amplify the 
supersaturating step leading to improved cell nucleation. Table 10 and figure 3.12 shows the 
results of the image analysis where this improvement can be quantify. 
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Table 10: Cell density and parameters resulting from density analysis for PBAT/MMT-I/IL-I. 
Pressure (MPa) Nc (x10
4
)  (g/cm3) Rv Vf 
70 22,3 0,38 3,20 0,69 
130 61,9 0,14 8,48 0,88 
 
The cell density is been tripled when applying higher pressures, proving that this 
parameter is a key factor since it determines the generation of nuclei and so it can control the 
foam morphology, we see that at higher pressures not only more gas is dissolved into the 
matrix and is available for nucleation but also this gas is more likely to be used for cells 
formation.47 Respect the foam density, a reduction of more than 50% can be appreciated; 
this could be attributed to the enhancement of the fluid (CO2) solubility into the polymer 
matrix. As a consequence, the foam porosity is increased to values of near 90%. 
 
a 
 
b 
 
Figure 3.12: Cell size distribution according to (a) number of pores and (b) pore area. 
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Continuing with the benefits of using high foaming pressures, it can be observed that 
the control achieved over the cell size distribution is remarkable, this time PND and PAD 
curves present only one peak and in both cases are very narrow. Other characteristic of the 
foam morphology is that increasing pressures change the cell form, going from bubble like 
cells to pentagonal shape cells; this happens because each cell grows, very rapidly, until it 
collides with another growing cell, and as the nucleation rate is bigger this occur in every cell 
growing direction, that’s why the shape becomes limited and the cell walls are thiner. 
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4 Conclusion 
 
- Organic modification of montmorillonites was successfully achieved increasing the 
interlayer distance by switching MMT diffraction peaks to lower angles, and lowering the 
polar component of the surface energy due to species absorbed on the surface that covers 
the hydroxyl groups. 
- Thermogravimetric analysis allows to determine the amount of intercalated and 
physisorbed species. This last kind can act either as a compatibilizing agent (MMT-I case) or 
the effect contraire for MMT-P. 
- All organically modified montmorillonites proved to have better thermal stability than 
quaternary ammonium salts modified montmorillonites, making them more suitable for 
polymer processing at higher temperatures. 
- Nanocomposites with 5wt% of OMMT improved the thermal behaviour of the polymer 
thanks to their heat barrier effect and char formation. This effect was more remarkable for 
PBAT/OMMT/IL formulation 
- PBAT/MMT-I/IL-I formulation showed the best performance about the mechanical 
properties, enhancing both the tensile module and the strain at break by almost 50%. 
- CO2 in its supercritical state was successfully used as a foaming agent to create 
PBAT nanocomposites foams. 
- In the foaming process, nanoclays act as nucleating agents since they favour 
heterogeneous nucleation by decreasing the energy activation barrier. Fine dispersion 
systems increased the interfacial area and so the nucleation density. 
- The chemical nature of the modifying agent has a great influence over the cell 
density. Better affinity with the CO2 leads to higher absorptions of the gas and more gas is 
available for nucleation. 
- As for the nanocomposites properties, foams are also affected by the synergy of 
PBAT/MMT-I/IL-I formulations. Greater cell density and smaller cell size is achieved thanks 
to an excellent dispersion of the clay and a good affinity of the nitrogen in the imidazolium 
cation ring with the CO2. 
- The cell morphology can be controlled by changing the foaming pressure. At higer 
pressures a smaller cell size and a narrow cell size distribution is obtained. 
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